Understanding the function of noncoding regions in the genome, such as introns, is of central importance to evolutionary biology. One approach is to assay for the targets of natural selection. On one hand, the sequence of introns, especially short introns, appears to evolve in an almost neutral manner. Whereas on the other hand, a large proportion of intronic sequence is under selective constraint. This discrepancy is largely dependent on intron length and differences in the methods used to infer selection. We have used a method based on DNA strand asymmetery that does not require comparison with any putatively neutrally evolving sequence, nor sequence conservation between species, to detect selection within introns. The strongest signal we identify is associated with short introns. This signal comes from a family of motifs that could act as cryptic 5# splice sites during mRNA processing, suggesting a mechanistic justification underlying this signal of selection. Together with an analysis of intron length and splice site strength, we observe that the genomic signature of splicing-coupled selection differs between long and short introns.
Introns dominate the human genome, constituting ;33% of DNA sequence and greater than 95% of the transcriptome. With only a few exceptions, all eukaryotic species contain a mix of both short and long introns. However, the amount of regulatory sequence necessary to identify and remove an intron will vary depending on intron length. The processing of long introns requires multiple sources of information including cis-regulatory motifs and transacting splicing factors, the chromatin landscape, and the kinetics of polymerase elongation (Berget 1995; Hertel 2008; Yu et al. 2008; Chen et al. 2010) . The identification of short introns is thought to require less regulatory information, being largely dependent on the proximity of a 5# and 3# splice site, in a process termed intron definition (Talerico and Berget 1994; Lim and Burge 2001) . Regardless of size, failure to correctly process an intron presents a significant cost to the cell (Jaillon et al. 2008; Ramani et al. 2009 ). Therefore, we have analyzed the targets of splicing-coupled selection that act to maintain efficient splicing, and how this selection pressure varies with intron length.
The 5# and 3# splice sites play a pivotal role during intron definition of short introns. Therefore, it is notable that in general short introns show weaker splice sites than longer introns. Our analysis of splice site strength (supplementary methods, Supplementary Material online) and intron length indicates that both in Drosophila (also see Fahey and Higgins 2007) and in humans, the 5# and 3# splice site strength increases with intron length ( fig. 1) .
Interestingly, we also observe that the strength of the 5# splice site of the next downstream intron also increases with the length of the upstream intron. To establish if this relationship was independent of the correlation between the length of adjacent introns, we fit a partial correlation between downstream 5# splice site strength and the log10 length of the upstream intron, correcting for log10 length of downstream intron. This result remained significant (Pearson R 2 5 0.10, P , 0.0001; Spearman R 2 5 0.12, P , 0.0001 in Drosophila melanogaster). To double check this result, we fit a general linear model on downstream 5# splice site strength as a response, with up and downstream intron length as explanatory variables. Both effects were significant (data not shown), indicating that intron length influences the selection pressure on the 5#, 3#, and next 5# splice site of an intron. This finding is consistent with a model of exon definition in which the 5# splice site of the next intron is required to validate an exon flanked by long introns (Berget 1995; Hicks et al. 2010) . Notably, exon definition reduces the inclusion of false or pseudoexons during the splicing of very long introns (Sun and Chasin 2000) .
The ability of the spliceosome to identify and act upon a diverse set of 5# splice site motifs offers a flexibility that is the basis of alternative splicing (Irimia et al. 2007 ). However, this also greatly expands the number of potential cryptic (or latent) splice sites that may disrupt splicing. If such motifs have phenotypic consequences they may be under selection. DNA sequence motifs under neutral evolution generally show a symmetric distribution between the forward and the reverse strand of a double-stranded genome (Mitchell and Bridge 2006) . If splicing imposes a functional constraint upon a particular motif, it could lead to either an excess or depletion of that sequence on the coding strand of a gene. For the introns of D. melanogaster (and 18 further species, see supplementary methods, Supplementary Material online), we calculated the asymmetry of all possible motifs of length 5, 6, and 7 bp between the forward and the reverse strand (supplementary table 1, Supplementary Material online). The most highly asymmetric (underrepresented) motif at all three lengths matched perfectly to the consensus 5# splice site ( fig. 2A and supplementary  fig. 1 , Supplementary Material online). The significant under representation (Z 5 28.4; P , 0.0001) of this motif, GjGTAAG (j denotes a potential exon-intron boundary), from introns is suggestive of purifying selection against a motif that could potentially be recognized as a spurious 5# splice site. The trend toward negative asymmetry extends to all motifs that occur at high frequency within genuine 5# splice site ( fig. 2B ), indicating that purifying selection acts upon a large family of sequence motifs that may compete with actual 5# splice sites. These results are not due to any global bias in nucleotide composition between the coding and the noncoding strand nor any local asymmetry caused by the polypyrimidine tract or branch point (supplementary fig. 2 , Supplementary Material online).
The cryptic splice site motif GjGTAAG also returns the strongest asymmetry in the introns of six other genomes (which are all dominated by short introns): the Dipterans Drosophila ananassae, Drosophila grimshawi, and Anopheles gambiae, the nematode Caenorhabditis elegans, and the yeast Aspergillus nidulans and Schizosaccharomyces pombe. Most species have an almost equal preference for A and G at position þ3 of their actual 5# splice site (Irimia et al. 2009 ), and our analysis indicates strong asymmetry against both motifs in these species (supplementary table 2, Supplementary Material online). However, several species, including A. gambiae and S. pombe, have a strong preference for only a single motif within genuine 5# splice sites. In these two species, we only observe significant asymmetry against the single motif that is used in these species. This supports competition between the genuine 5# splice site and similar motifs within an intron as the basis of this observed asymmetry.
Intron length has a major influence on the mode of action of the spliceosome and the choice between competing splice sites (Fox-Walsh et al. 2005; Kandul and Noor 2009) . We therefore considered the relationship between asymmetry against cryptic splice sites and intron length. Both in Drosophila (R 2 5 0.781, P , 0.0001) and in human (R 2 5 0.806, P , 0.0001), we observed a highly significant correlation between asymmetry against the motif GjGTAAG and intron length ( fig. 3A) . This indicates that purifying selection against cryptic splice sites is stronger within short introns. This was confirmed when we considered 19 additional eukaryotic genomes ( fig. 3B) , with asymmetry against cryptic splice sites being highly dependent on the average intron length within a species (R 2 5 0.696, P , 0.0001). While the relationship in figure 3A (and supplementary fig. 2B , Supplementary Material online) indicates that cryptic splice sites may be under selection even in long introns, the overwhelming signal of asymmetry against the motif GjGTAAG comes from introns , 1,000 bp (supplementary fig. 2C, Supplementary Material online) . Considering the distribution of cryptic splice sites within introns, we observe a slight nonsignificant excess of cryptic splice sites within the first 44 bp of Drosophila introns relative to downstream sequence and a highly significant depletion within the last 30 bp (supplementary fig. 3 , Supplementary Material online)
We note that this absence of strong asymmetry in long introns might in part result from the maintenance of alternative 5# splice sites within introns or regulatory sequence that include cryptic splice sites. For example, very long MBE introns in Drosophila (.20 kb) may contain recursive splicing sites that promote the stepwise processing of these introns (Burnette et al. 2005) , however, such sites are in general rare. A large proportion of intronic sequence is under selective constraint (Parsch 2003; Andolfatto 2005; Haddrill et al. 2005; Halligan and Keightley 2006; Sella et al. 2009 ). However, the traits that underlie this selection are largely unknown. Selection against spurious transcription factor binding sites produces significant constraint in the coding and noncoding sequence of both eubacterial and archaeal genomes (Hahn et al. 2003) . Our data indicate that a proportion of the selective constraint observed within short introns of eukaryotes is associated with purifying selection against motifs that would otherwise disrupt the correct identification of 5# splice sites. Despite the fact that cryptic splice sites greatly outnumber genuine splice sites in the genome, this effect is likely to account for only a small proportion of the inferred selective hexamers across the introns of Drosophila melanogaster. The distribution of asymmetry scores is symmetrical around 0 because each motif and its reverse complement have the same value but with opposite signs. The asymmetry against the motif GjGTAAG (À0.288) is six standard deviations off the mean of the distribution. Arrows indicate the top three values belong to 6mers that overlap the 9 bp of the consensus 5# splice site, CAGjGTAAGT. Importantly, the next most significant value over laps the motif CAGjGTGAGT, indicating selection against both AA and GA cryptic splice sites (supplementary fig. 1, Supplementary Material online) . (B) Motifs present at high frequency at actual 5# splice sites show high asymmetry within D. melanogaster introns. This indicates that selection targets a large number of motifs that may compete during splicing, and it follows that introns with generally weak splice sites will be sensitive to competition from a larger number of potential cryptic splice sites. Number of motifs shown is all possible 4096 hexamers. Introns were partitioned into 20 nonoverlapping bins of increasing length such that each bin contains the same total amount of sequence (2.5 Mb for Drosophila and 47 Mb for human), and hence, a variable number of introns. Asymmetry was calculated for each bin. A general linear model of the raw data (not binned) was used to establish the significance of intercept and slope and Pearson correlation coefficients are reported. (B) Asymmetry against a cryptic splice sites is stronger in species with shorter introns. Asymmetry against the motif (GjGTAAG) versus the mean intron length for 19 eukaryotic genomes. Each data point represents the asymmetry for all concatenated intronic sequence of a species. In total, 69.6% of the variation in asymmetry between species is explained by intron length within that species. This indicates that cryptic splice sites within short introns are a common target of purifying selection across eukaryotes. R 2 is the Pearson correlation coefficient calculated with a general linear model.
The Genomic Signature of Splicing-Coupled Selection · doi:10.1093/molbev/msr201 MBE constraint within introns. However, our observation that most of this signal is associated with short introns should temper the view that this sequence is a good standard for neutrally evolving sequence within the genome (Parsch et al. 2010) .
Intron length plays a crucial role during intron recognition and splicing. Various lines of evidence suggest that short introns evolve under selective constraint to maintain an optimal length (Carvalho and Clark 1999; Parsch 2003; Parsch et al. 2010 ). Long introns, on the other hand, utilize several sources of regulatory information, that include cisregulatory motifs, chromatin structure, and exon length. However, the factors that govern intron length evolution are not well defined. Our data suggest that the frequency of cryptic splice sites might play a role in the evolution of intron length and the targets of splicing-coupled selection. As intron length increase, more potential cryptic splice sites can be generated by mutation. It is conceivable that within longer introns less purifying selection is needed to maintain the more elaborate signals associated with exon definition than to purge cryptic splice sites. Such a trade-off is indicative of an error threshold, the point at which a high mutation rate overwhelms selection (Bull et al. 2005; Wilke 2005) .
It may be possible that the length at which intron definition ceases to function within a species is at least partly governed by the size range in which cryptic splice sites remain rare. The almost exclusive use of a single 5# splice site in Saccharomyces cerevisiae (63% of introns begin with jGTAGT) (Irimia et al. 2007) , considerably reduces the number of potential cryptic splice sites that may compete with the genuine splice site, consistent with this species having an unusually high cutoff between short and long introns (Lim and Burge 2001) .
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